Abstract: Existing methods of measuring residual stresses in composite materials are often categorized into two broad groups: destructive and nondestructive. Destructive testing implies damaging or removing a section of material so that the specimen may no longer be usefully employed. This chapter aims to introduce the main methods that fall into the category of destructive methods. For each method, the notable contributions are discussed in detail.
Introduction
This chapter reviews the following destructive methods for testing residual stresses in composite materials:
• the layer removal method;
• the Sachs (boring) method;
• hole-drilling methods;
• the ring-core method;
• the cutting method;
• the contour method;
• the ply sectioning method;
• the radial cutting method;
• matrix removal methods;
• micro-indentation methods;
• the slitting method;
• the fi rst-ply failure method;
• the measurement of curvature method;
• heating methods.
taken into account. Chaoui et al . (1988) evaluated residual stress distribution in a medium density polyethylene (MDPE) pipe using a modifi ed layer removal procedure. Paterson and White (1989) analysed residual stresses in parallel-sided polymer moldings. Chapman et al . (1990) analysed the macroscopic in-plane residual stress state of uni-directional graphite (AS4) reinforced polyetheretherketone (PEEK) laminates. Crasto and Kim (1993) studied the curing-induced strains in graphite/epoxy (AS4/3501-6) composites at different temperatures. These results were used to predict the stress at fi rst-ply and ultimate failure of [0 2 /90 2 ] s laminates. Güngör and Ruiz (1996) used layer removal methods to measure residual stresses in continuous fi ber composites. Cowley and Beaumont (1997) carried out experiments to measure the residual stresses in a thermoplastic matrix and a toughened thermosetting matrix, both reinforced with carbon fi ber. They showed that, under certain conditions, the residual tensile stress can approach closely to the transverse ply tensile strength. Powell (1997, 1998) validated the modifi ed layer removal method using a compression-molded continuous-fi ber laminate (PEI/glass) and an injection-molded short-fi ber-reinforced laminate (PC/ glass). They showed that the modifi ed layer removal method produced good results. Ersoy and Vardar (2000) also used a layer removal technique to measure macroscopic residual stresses in layered composites,
The Sachs (boring) method
The Sachs method (also known as the boring method) is similar to the layer removal method, except that it is applied to rods and tubes rather than plates. In this method, tube-shaped parts are progressively removed from the center of a circular section of the material. As each radial increment is removed, the residual stresses within this material are released and the remaining material responds 2.1 Schematic view of the process simulated laminate (PSL) confi guration with constitutive laminates (CLS) for determination of laminate skin-core residual stress distribution (gray area) through this type of layer removal method (Parlevliet et al. , 2007 ).
1. Center-hole drilling involves drilling a hole normal to a surface to investigate surface strain; 2. Through-hole drilling is used to measure uniform through-thickness residual stresses; and 3. Incremental-hole drilling is used to measure residual stresses varying through the thickness, by drilling in successive depth increments (Reid, 2009 ).
Originally, this semi-destructive method was restricted to macroscopically homogeneous isotropic materials, but attempts have been made to extend it to anisotropic, fi ber reinforced composites (Prasad et al ., 1987) and, since the mid1960s, to orthotropic materials (Lake et al ., 1970; Rendler and Vigness, 1966) , but it is numerically intense and several assumptions must be made to simplify the resulting solutions. The highly orthotropic nature of composites further complicates the measurements themselves, because it is extremely diffi cult to obtain measurement precision around the hole, particularly in the fi ber direction, even with high precision techniques, such as Moiré interferometry (Nicoletto, 1991) .
© Woodhead Publishing Limited, 2014 Bert and Thompson (1968) developed the theoretical basis for relating measured strains to residual stresses in orthotropic materials applying an approximate calculation procedure. Later a precise formulation for uniform through-thickness residual stresses in a limited class of orthotropic materials was proposed by Schajer and Yang (1994) . Gong (2003, 2004) made an approximate analysis of the residual stresses in orthotropic composite laminates using the incremental hole-drilling method. An exact formulation of the through-hole method enabling the measurement of uniform through-thickness residual stresses in a generic orthotropic laminate was published by Pagliaro and Zuccarello (2007) . The effects of macro-scale residual stresses acting on symmetrical orthotropic laminates can also be considered using this method.
The hole-drilling method most commonly uses strain gages, which must be correctly positioned relative to the hole. Although not so widely used, optical methods have an advantage over strain gages in that positioning of the hole is less important. A technique has been developed to determine residual stresses in orthotropic materials using Moiré interferometry for any alignment of Moiré gratings (Càrdenas-Garcìa, 2005) . Dual beam shearography yields the in-plane strain directly, since the axes of symmetry in the measured fringe pattern correspond to the axes of the principal stresses. In spite of this advantage over Moiré interferometry, measuring residual stress in orthotropic materials using shearography combined with the hole-drilling technique appears to be limited. Qualitative measurements have been obtained on composite panels. In an effort to speed up measurement, micro-indentation (whereby a small indent is pressed into the measurement surface) has been used instead of the hole-drilling process (Hung, 1999) , but this process again has only yielded qualitative measurements.
All the current analytical methods used with hole drilling assume the material within a single ply to be homogeneous, and are therefore unable to resolve the micro-scale residual stresses within a heterogeneous ply. However, since fi bers are cut when a hole is drilled into a composite laminate, residual stress is released at the cut and an elastic response occurs in the adjoining material. It is thus potentially possible to use the hole-drilling technique for measuring micro-scale residual stress in GFRP. The region over which a signifi cant elastic response takes place is, nonetheless, extremely small (Nairn, 1997) . Since the maximum diameter of E-glass reinforcement fi bers is often less than 27 μ m, measurements must be taken within a small distance of the edge of the hole (Corning, 2003) , which causes problems if the smallest commercially available strain gages are used. If extremely small special gages were developed to overcome the problem of sensitivity, they would simply introduce another problem due to self-heating. GFRP is not a good conductor of heat, therefore the localized heating effect of such a small gage becomes important (Reid, 2009) .
Fiber optic Bragg gratings have been employed for measuring residual stresses in a composite laminate in a modifi ed version of the hole-drilling method, with the © Woodhead Publishing Limited, 2014 Bragg gratings embedded within the laminate (Guemes and Menéndez, 2002) . They avoid the self-heating effect, but are too long to be used for measuring stress relief around individual fi ber breaks. In addition, the analytical method used to interpret the measured response must accommodate the stiffening effect of the transducer. It seems unlikely that reliable measurements of the stress relief relative to a fi ber break could be made with this method (Reid, 2009) .
The use of optical methods present two important problems that are prevalent, irrespective of the instrumentation technique employed (Reid, 2009) . The fi rst signifi cant problem arises from the introduction of residual stresses in drilling the hole. The strains measured are those resulting from the release of residual stress superimposed on those caused by the hole-drilling process, and the two sets of strains cannot be separated from each other. EDM would minimize the residual stresses caused by making the hole, but only where the fi bers and matrix are conductive, and unfortunately neither the fi ber nor the matrix in GFRP satisfi es this criterion (Reid, 2009) . It might be possible to avoid the introduction of residual stresses during hole drilling through the micro-indentation process (Hung, 1999) , but the interpretation of the strain measurements would be complicated by the heterogeneity of the material at small scales (Reid, 2009) . Thus the hole-drilling method, and variations of it, cannot be directly used or adapted for use in fi nding the micro-scale residual stresses in uni-directional GFRP (Reid, 2009) . Buchmann et al . (2000) describe a novel approach to simulating the thermal spraying process by modeling a moving heat source combined with the material transfer and deposition process. Their quantifi ed stresses and deformations agree with experimental residual stress measurements by the advanced hole-drilling method. According to Prasad et al . (1987) , the semi-destructive hole-drilling technique for measuring residual stresses is well established for isotropic materials and they have made attempts to extend this method to orthotropic composite materials. Pagliaro and Zuccarello (2007) dealt with the development and application of the through-hole drilling method for residual stress analysis in orthotropic materials. Balalov et al . (2007) discussed in detail the main features inherent in a simplifi ed approach to residual stress determination in cylindrical shells and tubes with external diameters of not less than 60 mm, by combining the hole-drilling method and refl ection hologram interferometry. Stefanescu et al . (2006) presented results advancing and improving the usefulness, accuracy and effi ciency of incremental center-hole drilling as a method of measuring close-to-surface residual stress fi elds. Shokrieh and Kamali (2005) studied the residual stresses in thermoset polymer composites. Shokrieh and Ghasemi (2007a,b) presented a new method (simulated hole-drilling method) for calculating the calibration factors for measuring the residual stresses in different material systems. Baldi (2007) analyzed the problem of residual stress determination in an orthotropic material using the hole-drilling technique combined with non-contact, full-fi eld optical methods. Schajer (1988 Schajer ( , 2007 and Schajer and Yang (1994) presented an effective procedure allowing for stable hole-drilling residual stress calculations using strain data from measurements taken at many small increments of hole depth. Schajer (1988 Schajer ( , 2007 described the use of Tikhonov regularization to reduce the noise sensitivity characteristic of a fi ne-increment calculation, and combined this mathematical procedure with the Morozov criterion to identify the optimal amount of regularization that balances the competing tendencies of noise reduction and stress solution distortion. Schajer and Yang (1994) used the hole-drilling method to measure residual stresses in an orthotropic material. Sicot et al . (2003) presented a new method for measuring residual stress in composite laminates, using three cooling conditions to produce different residual stress levels. Shokrieh and Ghasemi (2007a,b) determined that the calibration factors for orthotropic plates are based on an exact solution method. Bert and Thompson (1968) and Lake et al . (1970) extended a method to include orthotropic materials by introducing new coeffi cients of calibration, and investigated the applicability of the semi-destructive hole-drilling technique to the experimental determination of residual stresses in relatively thin rectangular orthotropic materials.
The incremental hole-drilling method
The incremental hole-drilling method takes account of the non-uniformity of the stress distribution through the thickness. The basic principle for the calculation of stresses is the same as with the hole-drilling method, but in this case drilling is performed gradually. The measured strains are processed by an appropriate model and the residual stresses are calculated (Oettel, 2000; Parlevliet et al ., 2006; Sicot et al ., 2003) .
The incremental, high-speed hole-drilling and circular-milling technique has several advantages that make it suitable for measuring residual stress on coating composites. The measuring set-up is comparatively small ( Fig. 2. 2 ), offers high fl exibility and can be applied to a variety of complex machine parts. The measurement of surface strains by means of strain gages is a well-known technique with a reasonably high accuracy (errors are in the range of 2 to 5% (Häusler et al ., 1987) ). The stepwise removal of material in increments of 5 to 20 μ m leads to a good depth resolution. In comparison with the conventional hole-drilling method, the combination of high-speed drilling and circular milling ( Fig. 2. 2 ) reduces the mechanical loading of the material at the bottom of the bore-hole, the plastic deformation in the center of the hole, and the thermal input into the material. Therefore, manipulation of the intrinsic residual stresses during measurement is reduced and the accuracy of results is increased. Diffi culties in applying the holedrilling method are mainly due to preparation of the surface by grinding without infl uencing the residual stresses, and the adhesion of the strain gages to the surface (Wenzelburger et al ., 2006) .
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A disadvantage of the incremental hole-drilling method is that the size of a typical strain gage rosette is two to four times larger than the diameter of the hole, making the area covered by the rosette very large compared to the stress fi eld ( Fig. 2.3 ). Another frequent problem is eccentric drilling, such as when the hole is not drilled exactly at the center of the rosette. The hole-drilling method has been applied in combination with Moiré interferometry, holographic interferometry and speckle interferometry, as well as in combination with fi nite element modeling for determination of the residual stresses. Incremental holedrilling can be utilized to study residual stresses in between adjacent plies, but optimal drilling and translation speeds must be found (Margelis et al ., 2010; Parlevliet et al ., 2006) . Tsouvalis et al . (2009) proposed a new method of calibration showing how fi nite element analysis can be used to determine the correlation coeffi cients, and take account of the effects of changes in the hole geometry, which they reported can cause a signifi cant error in the experimental data. Sicot et al . (2003 Sicot et al . ( , 2004 described an application of the incremental hole-drilling method to measure residual stress in a uni-directional and a [0/90] s carbon/epoxy laminate with thicknesses of the order of 1 mm, measuring tensile and compressive residual stresses in the fi ber direction and transverse direction up to a magnitude of about 100 MPa. Sicot et al . (2004) studied the effect of two experimental parameters: the depth of each drilled increment and the effect of the relative position of the strain gages compared with the radius of the hole drilled. Manson and Seferis (1992) applied the PSL technique to develop a method to evaluate the distribution of process-induced residual stresses, making use of a strain gage that was attached to the laminate. Grant et al . (2002) provided a practical guide to achieving better measurements, drawing together some 2.2 Measurement set-up of the incremental-step, circular hole-drilling and milling method (pneumatic turbine, motors for three-axis position control, LCD-camera, strain gage data acquisition), and illustration of the method (Wenzelburger et al. , 2006) . Notation: z, depth; d 0 , diameter of bore hole; D, diameter of circle on which strain gage rosette is positioned.
background to the technique, discussing the current standards and highlighting a number of key issues crucial to obtaining good measurements, based on input from UK experts and some of the fi ndings from a recent UK hole-drilling residual stress inter-comparison exercise. Wenzelburger et al . (2006) described and compared the most common residual stress measurement techniques, focusing on incremental hole drilling and milling, and their application to industrial machine parts.
The deep hole-drilling method
The deep hole-drilling (DHD) method is used to measure residual stress in isotropic materials, but it can also be applied to orthotropic materials such as thick laminated composites. For large structures, it is considered non-destructive, because a small hole does not affect the structural integrity. In this method, the formulation is mainly based on the calculation of the hole distortion in a plate under the effect of remote loading. For isotropic materials, there are suitable closed-form solutions; however, for orthotropic materials, a fi nite element approach should be used (Stamatopoulos, 2011) .
2.3
Relative location of the hole and the strain gages (Sicot et al. , 2004) . Notation: R t , hole radius; R j , radius of outside strain gage; R xj , radius of middle strain gage; G 1 and G 3 , fi rst and third strain gages; X j , gage length DHD allows the resolution of residual stresses through even very thick components. In this method, a hole with a narrow diameter is drilled through a part that has residual stresses. The diameter of the hole is then measured carefully (typically using an air gage) as a function of depth and angular position inside the hole. The residual stresses are then released by co-axially removing a core of larger diameter from around the hole. The release of residual stress causes the shape of the reference hole to change. The diameter of the hole is then re-measured at the same angular positions and depths as in the original measurements and using the same equipment. Changes in the shape of the hole are then related to the residual stresses that were present before the hole was drilled (Reid, 2009) .
The main assumption of this technique is that the introduction of the reference hole has little effect on the residual stress state, and that cutting the core allows residual stresses around the hole to thoroughly relax (Mirzaee-Sisan, 2007) . Another assumption is that the core is comprised of many independent lengths. Therefore, a thick part can be approximated as a set of stacked layers unconnected by through-thickness shear stresses (Bateman et al ., 2005) . The alterations in the core length can be considered as a measure of through-thickness residual stresses as the outer core depth increases (Procter and Beaney, 1987) . The DHD technique has been utilized occasionally in cases of welds in metal parts (Bouchard et al ., 2005; Brown et al ., 2006; George and Smith, 2005; Mirzaee-Sisan, 2007) , railway track (Stefanescu et al ., 2003) and rolls in steel mills (Kingston and Smith, 2005) .
This method has also been used to measure residual stresses in a laminated carbon-fi ber composite (Bateman et al ., 2005) . In this case, the removal of the core around the hole could not be performed using EDM, and as an alternative, a diamond encrusted hole saw was used. The analysis technique was extended to account for orthotropic material to allow the change in hole shape to be related to the original residual stresses.
The basic assumption of the DHD method is that the material at each depth can be treated as a continuum. When this technique is applied to a laminated composite, averages of the stresses within the fi ber and matrix are measured. As a result, this method cannot be directly used to measure the micro-scale residual stresses. The method is only able to resolve meso-scale residual stresses, which in unloaded uni-directional laminates are non-existent (Reid, 2009) . Drilling a small diameter hole results in the cutting of fi bers on the hole wall. Consequently, the micro-scale residual stresses in the fi bers are released and the material near the ends of the fi bers responds in an elastic way. By carefully monitoring this phenomenon, it is possible to modify this method to measure the longitudinal micro-scale residual stresses in uni-directional GFRP (Reid, 2009) .
Attempting to modify the technique poses at least three major diffi culties (Reid, 2009) , fi rst that the mechanical methods of creating the hole create cutting stresses on the hole wall. These occur at the same place where the breaks in the fi bers occur, so the elastic responses from cutting stresses and from the release of microscale residual stresses are coincident. These two effects cannot clearly be distinguished from each other, making an accurate measurement diffi cult. Second, it is not easy to measure the profi le of the hole wall at scales smaller than that of the diameter of the glass fi ber, due to problems with measurement resolution. Third, the material that tends to move radially inwards in response to the fi ber being cut cannot be removed in the process of making the hole, and consequently the profi le of the hole wall cannot be monitored properly. The DHD technique cannot be used to measure the micro-scale residual stresses present in the fi ber direction of uni-directional GFRP directly, and every modifi cation of the technique leads to additional problems (Reid, 2009) .
Initial development of the DHD method was carried out by Zhandanov and Gonchar (1978) , Beaney (1978) and Jesensky and Vargova (1981) . Zhadanov and Gonchar (1978) used the DHD method to measure residual stresses in steel welds. Beaney's (1978) methodology was later improved by Procter and Beaney (1978) with the introduction of non-contacting capacitance gages to measure the hole diameter. Jesensky and Vargova (1981) measured residual stresses in steel welds using strain gages attached to the sides of the hole to measure the strain relaxation following trepanning.
Bateman et al . (2005) described an extension to the DHD method for the evaluation of residual stresses in thick section composite laminated plates. Leggatt et al . (1996) described the development of a DHD method, based on earlier techniques, for measuring the through-thickness distribution of residual stresses. Some researchers have made improvements to the DHD method, by gun-drilling a hole of 3 mm nominal diameter and measuring the change in diameter of the hole using an air probe. Trepanning the core was carried out using an electrodischarge machining (EDM) operation (Bonner and Smith, 1996; George et al ., , 2002 .
2.5
The ring-core method
The ring-core method ( Fig. 2 .4 ) follows a procedure similar to the hole-drilling technique. Instead of residual stresses being released by drilling a hole and monitoring the elastic response of the neighboring material, the ring-core method releases stress by cutting an annular groove into the surface of a part containing residual stress. A strain gage rosette is used to measure the elastic response on the end of the core within the groove. An incremental increase in the depth of the groove makes it possible to determine the stress variation through the thickness (Keil, 1992) . The through-thickness stresses can be determined by monitoring the change in core length with increasing groove depth Wern, 1997) .
Compared with the hole-drilling method, the ring-core method offers a number of benefi ts. Since the strains are more fully relaxed, the measured response is considerably larger. There is no stress concentration effect in the annulus and as a result, this method can measure residual stresses up to the yield stress of the material. The relaxation of strain that occurs on the end of the separated core is uniform, so this method is less sensitive to errors in the strain gage rosette positioning (Reid, 2009) . As the ring-core method ruptures the fi bers while the groove is being formed, it is possible to monitor the elastic response of the neighboring material in order to measure the magnitude of micro-scale residual stresses (Reid, 2009) .
Despite these benefi ts, the ring-core method has not been employed extensively. This could be because it was not widely known until 1988 (Keil, 1992) . It could 2.4 Principle of the ring-core method for determination of plane residual stress (Keil, 1992) . Notation: dz, amount of step-by-step milling of annular groove; z, depth of groove; ε a , strain in direction a; σ 1 and σ 2 , stress acting in principal directions 1 and 2 respectively. also be due to common use of the standard hole-drilling technique for measuring residual stresses in FRPs. It is not practical to use EDM, since composite materials are either non-conducting or are poor conductors of electricity, and this complicates the conditions for composites (Reid, 2009 ). This method has been applied to large cast steel parts and forgings (Keil, 1992) , forged aluminum parts (Witt et al ., 1983) , welds in stainless steel (Roy et al ., 2005) and hot rolled laminates of stainless and carbon steel (Schröder et al ., 1995) . The ring-core method can also be used in regions with high stress gradients, such as laser welds (Ren and Li, 2007) and ultrasonic spot welds . Lu (1996) devoted a part of his book to this method.
2.6
The cutting method
The cutting method is based on similar principles to those in the hole-drilling method. Once more, stress is relaxed by the removal of material. This time a notch is removed from a specimen, resulting in the creation of a free edge. A Moiré interferometry grating can be applied to the specimen to record the resulting strain fi eld (Filiou et al ., 1992; Lee et al ., 1989) , which is then calculated and related to the residual stresses using fi nite element analysis (Myers, 2004 ). This method is not without its faults and needs modifi cations to be totally accepted in the experimental community. Niu (1999) posed many questions regarding the application of the grating. Since the grating was applied after an edge of the composite had been trimmed, some of the residual stresses were released prior to data recording and a complex strain fi eld was created under the surface. The resulting measurements thus contained data based on a stress fi eld different from the original residual stress (Myers, 2004) . Lee et al . (1989) studied the residual strain distribution in a thick composite ring experimentally using interferometric techniques. The specimen was a segment of a graphite/epoxy composite cylinder, with the fi bers orientated in the hoop and axial directions. Casari et al . (2006) presented a method for the characterization of residual stresses in thick fi lament wound tubes. A second technique derived to employ the cutting method was proposed by Sunderland et al . (1995) . Their successive grooving technique involved cutting a groove through the thickness at successive depths. Strain gages were placed opposite the groove and recorded the changing strain fi eld. The residual stress was then calculated from the strain by use of a numerical 2D model for each layer (Myers, 2004) .
2.7
The contour method
The contour method is used to measure 2D residual stresses. In this method, a part which contains residual stresses is cut through by a planar surface. This results in the release of the residual stresses across the plane and consequently the new surface undergoes an out-of-plane deformation (Reid, 2009) . These out-of-plane deformations are measured and the original residual stresses across the cut are determined using the fi nite element method. In order to do this, displacement boundary conditions (equal to the negative of the measured defl ections) are imposed on the cut surface. The method has proved to be effi cient in mapping complicated residual stress fi elds, such as in railway track (Kelleher, 2003) and welds (Prime et al ., 2006; Zhang et al ., 2003) , as well as those caused by hypersonic impact (Martineau et al ., 2004 ). This procedure is mainly ideal for measuring existing longitudinal residual stresses in uni-directional GFRP materials. The heterogeneous structure of GFRP is easy to model using the fi nite element method, and with accurate measurement of out-of-plane displacements in the vicinity of the fi bers using methods such as laser probe scanning , the fi ber residual stresses can be determined easily.
The main requirement of the contour method is that the planar section must be cut through the material under stress with great care. Mechanical methods tend to create cutting stresses and trim down out-of-plane defl ections while they are being observed, so electric discharge wire machining (EDWM) is commonly used as a suitable alternative. The advantage of this method is that it only removes material at the tip of the cut and no signifi cant cutting stresses are created. Unfortunately, EDWM cannot be utilized to create the cut in GFRP materials, because neither constituent is conducting. The contour method therefore cannot be applied to the measurement of longitudinal micro-scale residual stresses in GFRP (Reid, 2009) . Prime (2001) presented a powerful new method for residual stress measurement, concluding that the contour method was more powerful than other relaxation methods because it could determine an arbitrary cross-sectional area map of residual stress, yet at the same time simpler, because the stresses could be determined directly from the data without an inversion technique. He verifi ed this method with a numerical simulation, and then experimentally validated it, using a steel beam with a known residual stress profi le. Zhang et al . (2003) performed contour measurements on a MIG 2024-T351 aluminum alloy welded plate. They compared their results with the results from neutron and synchrotron X-ray and observed a favorable agreement between them. Prime et al . (2006) joined plates of aluminum alloys 7050-T7451 and 2024-T351 in a butt joint by friction stir welding (FSW). In their work, a 54 mm long test specimen was removed from the parent plate, and cross-sectional maps of residual stresses were measured using neutron diffraction and the contour method. Martineau et al . (2004) impacted a thick plate of high-strength low-alloy (HSLA-100) steel with tungsten carbide spheres travelling at velocities ranging from 0.8 to 2.5 km/s. Good agreement was shown between the numerical simulation of the impact event and the experimental data. described noncontact scanning using a confocal laser probe to measure surface contours for applications in residual stress measurement.
2.8
The ply sectioning method
The ply sectioning method is a destructive technique used to study residual stresses in laminated composites (Joh et al ., 1993) . This method uses Moiré interferometry, and measures the deformation due to sectioning and releasing a layer from the constraints imposed by an adjacent layer. The deformation strains are used to calculate the resulting release of stress. This technique overcomes the problems resulting from the cutting method by obtaining a small strip specimen from the edge of the larger specimen, which leads to creation of a plane stress state. Ply sectioning can also be used to study the nature of warping observed in an unbalanced composite laminate. The outside layers of a laminate can be machined away, resulting in an unbalanced, warped structure (Chapman et al ., 1990; Manson and Seferis, 1992) . The resulting warpage is measured and can be used as an input in classical lamination theory (CLT) to calculate the corresponding residual stresses (Myers, 2004) . In the sectioning method, removing sections of interest is performed in such a way that it can be reasonably assumed that the fi nal stress state is zero. The total change in strain from the original state to the unstressed state corresponds to the negative of the strain in the component prior to testing (Reid, 2009 ). In one variation of this method, strain gage rosettes are used. In this case, the section is cut as close as possible to the edges of the rosette, so that it is secluded from the neighboring parts to make sure that the fi nal stress state is negligible. If the variation of the through-thickness stress is needed, more gages are attached to the surfaces that have been newly exposed. Further cuts can then be made to part subsections, each with its own gage. This approach is known as the 'slice-and-dice' method (Reid, 2009) .
Strain gages cannot be used when the stiffness of the removed section is low. Under such circumstances, Moiré interferometry can be used to measure the released strains, because this measurement system applies no loading to the removed section. Moiré interferometry has consequently been used to measure the residual stresses in individual plies of cross-ply laminates (Gascoigne, 1994; Joh et al ., 1993) and thick-walled cross-ply cylinders. The sectioning method is not considered suitable for measuring micro-scale residual stresses in uni-directional FRPs. This is because the thickness of each removed section is much larger than the fi ber diameters. Therefore, this method fails to achieve a resolution suffi cient to give a clear understanding of the stresses at the micro-scale (Reid, 2009) .
The sectioning method has been used extensively to measure residual stresses in metallic components. The residual stress variations across a welded steel H section, (Tebedge et al ., 1973) in cold-bent steel plate (Weng and White, 1990) , welded seams (Kovač, 1995) and in fi lament wound tubes (Casari et al ., 2006) have all been measured using this technique. A fi nite element method can also be used to predict the tri-axial stresses at points away from strain gages. This approach has been simulated in the residual stress analysis of a welded joint Nelson 1995, 1996) . Gascoigne (1994) used high-sensitivity Moiré interferometry and linearized strain-displacement equations to measure released displacements and residual strains. Joh et al . (1993) developed a novel concept of layer separation to measure quantitatively and precisely the tensile residual stresses in thick plates with layered distribution of residual stresses. Chapman et al . (1990) presented a model to predict the macroscopic in-plane residual stress state of semi-crystalline thermoplastic composite laminates induced by process cooling. Their model predictions were in good agreement with experimental residual stress measurements for uni-directional graphite (AS4) reinforced PEEK laminates.
2.9
The radial cutting method
The radial cutting method is a different version of the sectioning method. It has been used extensively to determine the residual stresses in fi ber reinforced tubes (Cohen, 1997; Ganley et al ., 2000; Short, 2002, Seif et al ., 2006) and rings (Aleong and Munro, 1991; Roy, 1991) . Based on the assumption that the residual stresses in such structures are invariant with axial and circumferential position, a single axial cut can result in their release. The extent of a laminate's opening or closure can be considered as a measure of the variation in circumferential and radial residual stresses through the laminate (Reid, 2009 ).
In the radial cutting method, the amount of relative deformation is measured when the cylindrical structure is cut radially. Fourney (1968) , Dewey and Knight (1969) and Aleong and Munro (1991) used elasticity equations to transform the measured relative strain either on the inner surface or on the outer surface during the radial cut into the residual stresses and residual strains in fi lament-wound composite rings. When material properties in the thick fabric composite cylinder are homogeneous, both the Sachs' boring method and the radial cutting method give similar results (Lee, 2004) , and consequently the radial cutting method is preferred over the Sachs method, because it is simpler and less expensive than the boring method.
Current analytical methods related to this method are confi ned to laminates, which are balanced with respect to the cylindrical coordinate system. As a result, the residual shear stresses are taken to be zero. According to Kaddour et al . (2003) , this assumption does not necessarily hold true. Thin fi lament-wound laminates exhibit a change in axial displacement across the cut. This implies the existence of a built-in twist with corresponding residual shear stresses (Reid, 2009 ). The radial cutting method is based on measuring the elastic response of the laminate as a whole and also on the assumption of homogeneous materials. Both of these conditions prevent the resolution of residual stresses at the micro-scale (Reid, 2009) . Kaddour et al . (2003) conducted a preliminary study to investigate the residual stresses developed in hot cured thin-walled angle-ply fi lament wound tubes made of E-glass/epoxy, Kevlar/epoxy and carbon/epoxy materials. Kim et al . (2006) developed a smart cure method with cooling and reheating to reduce residual stresses in thick-wound composite cylinders made of carbon phenolic woven composite. Roy (1991) presented thermal stress analysis of a thick laminated ring. Kim and Lee (2007) measured the residual stresses in thick cylinders made of carbon fabric phenolic composites by a new radial-cut cylinder-bending method.
Matrix removal methods
Matrix removal methods are based on the fact that residual stresses are mutually self-equilibrated. In uni-directional laminates, stresses within the fi bers are opposed by stresses in the matrix. If the matrix material is removed, the stresses within the fi bers are released. The consequent elastic response of the fi ber allows the residual stresses to be measured (Reid, 2009) .
As long as the fi bers are not damaged, the matrix material can be removed using a variety of techniques, and it is worth noting that the technique selected depends greatly on the type of composite material. Strong acids can be used to etch away metal matrices, acid digestion is utilized for the removal of polymer matrices surrounding carbon and aramid fi bers, while polymer matrices surrounding glass fi bers are vaporized with the aid of high temperatures (American Society for Testing and Materials, 2002) .
Another method that employs the matrix removal procedure relies on the micro-buckling of the fi bers (Zong and Marcus, 1991) . In metal matrix composites, the stress in reinforcement fi bers is compressive at room temperature, thus the matrix material around the fi bers provides them with enough support to prevent buckling. In absence of the matrix, the fi bers can buckle freely. In this method, the lengths of buckled and unbuckled fi bers are determined after a small portion of metal matrix is etched away from the surface of a composite plate and the underlying fi bers are exposed. Using these lengths, the 'clamped-clamped' Euler buckling stress is determined, which corresponds to the residual fi ber stress. The major shortcoming is that a parameter known as the 'knock-down factor' needs to be introduced to take initial fi ber imperfections and misalignment into account, and the use of this method is greatly restricted by the uncertainty concerning this parameter (Reid, 2009) .
Another complication that is sometimes troublesome relates to the bending of the fi bers after matrix dissolution (Ramamurty et al ., 1996) . Since a portion of the fi ber length is inclined to the length direction, the extension of the fi ber appears shorter than it actually is. In addition, this bending phenomenon alters their obvious location on the reference plane. It is not possible to align the reference plane completely normal to the measurement axis; the change in position alters the apparent change in length relative to the reference plane. Regardless of these issues, the method has been used to investigate the residual stresses within siliconcarbide reinforced titanium alloys (Fang et al ., 2000; Güngör, 2002) .
Fiber reinforced plastics have not been subjected to the etching technique as a method of residual stress measurement. This is most likely due to two main factors; the low elastic modulus of polymers and the small diameter of the fi bers used with polymer matrices (Reid, 2009) . Since the modulus of polymers is notably lower than that of metals, polymer matrix composites retain lower residual strain in the fi bers compared to metal matrix composites. Thus in order to obtain acceptable resolution in the displacement of the fi ber ends, the matrix must be removed over a greater fi ber length. This increases the chances of bending in exposed fi bers, the effect of which is greatly exacerbated by their small diameter in comparison to those used in the metal matrix composites studied previously (Fang et al ., 2000; Güngör, 2002; Ramamurty et al ., 1996) . Signifi cant bending of the fi bers reduces the accuracy of the measured change in fi ber length, and consequently this method is of limited helpfulness for fi ber reinforced plastics.
Another problem that limits the use of this method with GFRP is that if strong acids are used to remove the matrix, the fi bers might corrode or crack (Jones and Chandler, 1985) . Using high temperatures to vaporize or burn off the polymer matrix are possible alternatives (American Society for Testing and Materials, 2002) . However, the residual stress state in the material will be altered, because the high temperatures employed to vaporize the matrix between the slits will affect the neighboring material. Therefore, if this method must be used for GFRPs, the entire matrix should be burned off simultaneously. Achieving a measure of the original residual stress in the material is possible through a comparison between the length of the glass fi ber prior to and after matrix removal (Reid, 2009) . Modifi cations to the etching process could thus allow the measurement of the longitudinal fi ber stresses within GFRP. However, bending of fi bers and the need to vaporize rather than etch the matrix away, causes the measurement to be less accurate. The practicality of this method is therefore questionable (Reid, 2009) .
The etching or dissolution method has been used extensively to quantify fi ber stress in silicon-carbide reinforced titanium alloys. The method was fi rst used by Cox et al . (1990) , who dissolved the matrix from the central part of long rectangular specimens and subsequently measured their change in length. The change in length was then related back to the average fi ber strain resulting from the release of residual stresses.
The etching technique has been enhanced since it was fi rst proposed. Pickard et al . (1995) presented a simplifi ed experimental technique to determine the axial fi ber residual strain in continuously-reinforced metal matrix composites. Kendig et al . (1995) measured residual stresses in Ti-15-3/SCS-9 composites with controlled matrix and interfacial microstructures. The FEMUR test was used to measure axial residual strains in the reinforcing fi bers. Ramamurty et al . (1996) modifi ed the method by preparing a fl at face perpendicular to the fi ber direction, at the end of a composite specimen, which acted as a reference surface. This method was accurate and simple to implement. In addition, it completely released the strains in every fi ber, thereby allowing the residual stress in individual fi bers to be determined. Güngör (2002) measured the residual stresses in two Ti/SiC uni-directional composite panels with thick cladding using two experimental methods, crack compliance to measure the variation of in-plane residual stresses in the cladding of the materials, and matrix etching to measure the longitudinal fi ber strains. By combining the results of both methods, the out-of-plane stresses were also determined, so that the full stress state in the reinforced section of the material could be obtained. Fang et al . (2000) applied a method based on matrix etching for calculating residual stresses in continuous fi ber reinforced titanium matrix composites.
Micro-indentation methods
Micro-indentation techniques are micro-mechanical methods that are used to analyze the interfacial characteristics of composites (Kalton et al . 1998; Parthasarathy et al ., 1991) . Micro-indentation techniques do not require the use of model composite systems (Ramanathan et al ., 2001) . Single fi ber push-in and single fi ber push-out are two micro-indentation methods. Both of these methods include exerting a compressive longitudinal load at the end of a single fi ber using a small indenter. The end of the fi ber is exposed by cutting the composite perpendicular to the direction of the fi bers and then polishing the cut surface. The test relies inherently on the heterogeneous nature of a composite material, but allows measurements of micro-scale residual stresses (Lara-Curzio and Ferber, 1994; Ramanathan et al ., 2001) .
In push-in tests, a backing plate is positioned on the reverse face of the specimen, and the compressive load on the fi ber causes an increase in interface stress between the fi ber and matrix. The loading is increased until the interface fi nally fails and debonding occurs at the fi ber end. As the load is further increased, the debonding extends progressively along the fi ber. However, since the fi ber is long, the debonding length never extends beyond a small fraction of the length of the embedded fi ber. In push-out tests, the specimen is less thick, and the debonding length can consequently extend over the complete length of the fi ber. As a result, the fi ber is pushed out of the rear side of the specimen (Lara-Curzio and Ferber, 1994) .
Several mechanical properties of the fi ber and matrix affect the beginning and propagation of the debonding, including the strength and fracture toughness of the interface, and the friction between fi ber and matrix. Residual stresses that appear in the form of radial clamping stress and longitudinal stresses need to be considered. Analytical predictions are generally used to characterize the interface properties (Zhou et al ., 2001) . It is simple to visualize the infl uence of longitudinal residual stresses on the measurements. The release of longitudinal residual compression in the fi ber with increasing debond length causes the fi ber to extend. The extension and the applied compressive loading are in opposition, therefore the displacement of the fi ber end is less for a given applied load than if longitudinal residual stresses were not present (Reid, 2009 ).
The analytical techniques developed for use with the single-fi ber push-in and push-out methods allow them to be applied directly to measuring micro-scale longitudinal residual stresses. There are problems applying these methods to glass fi ber, and the majority of cases where these techniques have been applied have made use of large diameter (>100 μ m) fi bers (Belnap and Shetty, 2005) . Accuracy in measurement of longitudinal residual stress at this scale is of prime importance. Unlike small diameter fi bers (Lara-Curzio and Ferber, 1994), measuring longitudinal residual stresses in larger diameter fi bers does not show much scatter in the results (Belnap and Shetty, 2005; Huang et al ., 1995; Parthasarathy et al ., 1991) . This implies that scatter is more related to fi ber size than to the distribution of longitudinal stress (Reid, 2009) .
Least-squared methods are used to infer the residual stress simultaneously with a number of other interfacial characteristics in the fi bers, rather than measuring them directly. Due to the nature of the problem, it is possible to obtain a reasonable fi t to the measured data, even if some of the interfacial characteristics are poorly determined (Lara-Curzio and Ferber, 1994) . It follows that inadequacies in analytical technique can result in faulty measurements of residual stress.
Although the fi ber push-in and push-out techniques are capable of measuring micro-scale residual stresses in GFRP, there are a number of problems with these approaches. The measurement system can be costly and may result in considerable scatter in the measurements. In addition, the residual stresses are not measured directly but are inferred along with a number of other interfacial characteristics, which makes the method susceptible if there are insuffi ciencies in the analysis technique used (Reid, 2009) . Ramanathan et al . (2001) investigated the effect of the acidic and basic nature of surface-activated carbon fi bers in epoxy and PPS matrices on fi ber/matrix adhesion using fi ber push-out and push-in micro-indentation methods. LaraCurzio and Ferber (1994) determined the interfacial properties of a glass-ceramic matrix composite (SiC/CAS) from single-fi ber push-out tests using the interfacial test system. The coeffi cient of friction, μ , the residual clamping stress, σ c , and fi ber axial residual stress, σ z , were extracted by fi tting the experimental stress versus fi ber-end displacement curves using the models of Hsueh (1992 Hsueh ( , 1993 and Kerans and Parthasarathy (1991) . Huang et al . (1995) characterized the interfacial mechanical properties of SiC monofi lament-reinforced β '-SiAlON composites using a single fi ber push-out technique. Belnap and Shetty (2005) used two different techniques to assess interfacial sliding friction and residual stresses in sapphire fi lament reinforced epoxy matrix composite. They measured stresses in fi laments bridging a steadystate matrix crack using a laser microprobe to stimulate fl uorescence from the sapphire fi laments, and load-displacement records in fi lament push-in tests using a mechanical microprobe. Olivas et al . (2006) measured the surface residual stresses in SiC particle-reinforced Al matrix composites using a nano-indentation technique. Suresh and Giannakopoulos (1999) proposed a simple method for measuring residual stress with sharp indenters, based on the difference in contact area of stressed and stress-free materials indented to the same depth. Swadener et al . (2001) presented a new technique based on spherical indentation, which can be more sensitive to residual stress than measurements with sharp indenters in certain deformation regimes. Experiments have verifi ed that this method is accurate to within 10 to 20% of the specimen yield strength and can be useful for making localized measurements. Rossington et al . (1984) examined indentation-induced delamination between thin fi lms of ZnO and Si substrates. They determined that the crack path is infl uenced by the indenter load and the fi lm thickness, as well as by residual stresses formed during deposition. Marshall and Oliver (1990) analyzed fi ber sliding in the presence of residual stresses in ceramic composites, and found that measurements of the force-displacement relation for an indenter loaded onto the end of a fi ber can be used to quantify the magnitude of the residual axial stress in the fi ber. The technique is applied to calculate residual stresses generated by thermal cycling of SiC-glass ceramic composites. Marshall and Lawn (1977) analyzed fi ber sliding in the presence of residual stresses in ceramic composites, and found that measurements of the forcedisplacement relation for an indenter loaded onto the end of a fi ber can be used to calculate the magnitude of the residual axial stress in the fi ber. The technique is applied to measuring residual stresses generated by thermal cycling of SiC-glass ceramic composites.
The slitting method
The incremental slitting method is another stress relaxation technique, often called 'crack compliance', 'compliance' or 'slitting'. It is also found in the literature as the successive cracking method, the slotting method, and as a fracture mechanics based approach (Prime, 1999a,b) . This method was introduced in 1971 by Vaidyanathan and Finnie and developed by Cheng and Finnie (1985 , 1986 and Cheng et al . (1991) .
In this approach, a slot or multiple slots (also called grooves or slits) are incrementally cut into a component with residual stress. The slot releases the residual stresses normal to the plane of the slot and the part deforms in order to restore force equilibrium. It is possible to determine the original residual stresses as a function of depth by measuring the deformations as the slot depth increases. A single slot only permits the measurement of residual stresses perpendicular to its plane. To measure a bi-axial stress fi eld, two orthogonal slots are applied (Ersoy and Vardar, 2000; Prime and Hill, 2002 ).
An essential assumption of the incremental slitting method is that stresses are consistent in the direction of the slot width, which allows the material removed by the slot to be treated as a homogeneous continuum. If the heterogeneous structure of a fi brous composite is treated as homogeneous (Ganley et al ., 2000; Kim et al ., © Woodhead Publishing Limited, 2014 2002), the measured residual stresses will be averages of the matrix and reinforcement stresses (Prime and Hill, 2004) . This implies that only residual stresses at the meso-scale can be found in the fi ber direction. Thus the incremental slitting method needs to be modifi ed to account for material heterogeneity, if micro-scale residual stresses in the fi ber direction are to be quantifi ed (Reid, 2009) .
If the heterogeneous nature of the material is to be taken into account, the method chosen must have suffi cient resolution to control the elastic response to the release of residual stress from individual fi bers. In addition, as the fi ber stresses return to far-fi eld conditions over a few fi ber diameters, the measurement system must function over a small scale (Reid, 2009) .
Deformations resulting from the relaxation of stresses are measured with strain gages to determine the residual stresses through the thickness ( Fig. 2.5 ). This is a destructive method, but offers a high degree of accuracy and does not require any specifi c specimen preparation (Parlevliet et al ., 2006) .
The method employed to create a cut of increasing depth has evolved from sawing (Ersoy and Vardar, 2000; Ganley et al ., 2000; Johnson et al ., 1985; Kang et al ., 1989; Neubrand, 2002) and milling Finnie 1985, 1986) to EDM (Cheng et al ., 1994) . Sawing and milling are universally applied but the cutting can cause an undesirable temperature increase and plastic deformation close to the bottom of the cut. As material is removed, residual stresses are introduced into the tip of the slot. These cutting stresses can infl uence the strain readings obtained from the gage on the front face (Prime, 1999a,b) . Mechanical methods of cutting the slot also impose cutting stresses on the interior surfaces of the slit. This is the exact region where the elastic response to the release of fi ber residual stresses is highest, and so the elastic response due to cutting stresses and those resulting from residual stresses in the fi bers cannot be distinguished from each other. If feasible, saws should be avoided if near surface stresses are to be measured. The back face strain-gage is relatively insensitive to cutting stresses and so it is feasible to obtain reasonable through-thickness results if the temperature is allowed to stabilize before measurements are taken (Prime, 1999a,b) . In order to reduce the infl uence 2.5 Slitting method schematic. Notation: t, specimen thickness; L, specimen length; B, specimen width; a, slit depth; w, slit width; l, strain gage length.. of clamping force on the measurement, the plane of cut should be placed far enough away from the fi xture. When sawing is used, an accurate measurement of the depth of cut is more diffi cult, and the release of a compressive residual stress may generate substantial 'binding' on the cutter, even to breakage, often ending measurement prematurely.
EDWM is the best method for cutting the slot (Güngör, 2002; Prime, 1999a,b; Prime and Hill 2002) , since the use of a fi ne wire keeps the slot narrow and minimizes the residual stresses introduced by the cutting process, for instance by minimizing the clamping force needed to secure the specimen. Moreover, because the part is usually submerged under deionized water during the cutting process, it is simple to take all strain measurements at a constant temperature.
For wire EDM, the location and depth of cut is precisely controllable and cutting can resume in most cases after rethreading the wire if it breaks. For closeto-surface measurement on a curved surface, conventional EDM is uniquely qualifi ed to make a cut of approximately uniform depth by use of a sheet of electrode with a profi le matching the curved surface. As the electrode wears out gradually during cutting, the measurement of cut depth must be carefully calibrated for the material and cutting conditions.
There are two situations requiring special attention throughout measurements. When a thin cut is created by a wire through a region with high compressive stress, the deformation that results from releasing the stress may be so great that it puts the faces of the cut into contact, hence invalidating the assumption of the superposition principle. This is easily avoided by cutting backwards in order to prevent contact. A thin cut in a region of high tensile stress can initiate the propagation of cracks near the cut tip, and thus prematurely terminate the test. Despite these restrictions, EDM continues to be the best method for making a high precision cut of progressively increasing depth for electrically conductive materials. The only important disadvantages of EDWM are that it can only be used on conducting materials, so it is not applicable to GFRP, and that it cannot be used for fi eld applications (Cheng and Finnie, 2007) .
The use of a focused ion beam (Kang et al ., 2004; Sabaté, 2006a,b) permits the incremental slitting method to be applied to tiny components, as extremely fi ne slots can be cut, and this method has been used to cut slots of 10 μ m long, 0.35 μ m wide and 0.3 μ m deep (Sabaté, 2006a) . Its main disadvantage is that since it is restricted to the creation of very small slots, it is not so useful for large components (Reid, 2009 ). However, the widths of these slots are also substantially smaller than the size of a typical glass fi ber, and it has been reported that introducing narrow and deep slots using a focused ion beam is problematic. Therefore it appears that this approach is not useful for cutting through a single glass fi ber, no matter what the surrounding matrix material may be (Reid, 2009 ). However, the use of a focused ion beam could introduce a fl aw of suffi cient size in a glass fi ber causing it to fracture, and an analytic method could be developed to relate the elastic response of the matrix material around the fi ber break to the residual stress in the fi ber. The technique would need the heterogeneity of the material at small structural scales to be taken into account. Because the sub-surface structure is not known directly, but still affects the elastic response on the surface, the method would rely on information that is not available. Therefore, neither the incremental slitting method, nor adaptations of it are applicable to measure uni-directional micro-scale longitudinal residual stresses GFRP (Reid, 2009) .
Deformation resulting from releasing residual stress through a cut with progressively increasing depth is measureable as the change of displacements and/or strain. Several methods can be used to measure the elastic response to the introduction of the slot, including Moiré interferometry (Güngör, 2002; Neubrand et al ., 2002) , the measurement of crack mouth opening displacement (Lim et al ., 2003; Prime, 1999a,b) and digital image correlation (DIC) of high resolution micrographs of the surface adjacent to the crack mouth (Kang et al ., 2004 , Sabaté, 2006a . However, the use of strain gages is the most commonly employed technique, owing to the wide availability of high precision electric-resistance strain gages of different sizes and patterns. The gages are positioned perpendicular to the slot to maximize their response. Placing a strain gage on the back face, opposite the entrance of the slot, makes it possible to measure residual stresses all the way through the thickness. Residual stresses immediately below the surface can be best measured using a gage placed on the front face close to the slot (Kang et al ., 2004) . As the response of the gage on the front face saturates at some depth, a back face strain gage is always needed, unless only residual stresses near the surface are required (Reid, 2009) .
Fortunately, in most cases, the slitting method requires measurement of strain at just one or two locations. When selecting a strain gage, it is essential to match the thermal expansion coeffi cient of the strain gage with that of the surface on which the gage is supposed to be installed. Also, the gage length must be short enough to reduce the effect of strain gradient and heighten the measurement sensitivity (Cheng and Finnie, 2007) .
Although strain measurement using strain gages is more sensitive and reliable than most displacement based measurements, it has some limitations (Cheng and Finnie, 2007) , because measurement is restricted to a few fi xed locations, with an increase in the number of strain gages, soldering and cabling the gages becomes time-consuming, and the gage is sensitive to temperature variation if its thermal expansion coeffi cient does not match that of the specimen adequately.
Analysis consists of forward and inverse solutions. The forward solution, often referred to as the compliance calculation, determines the response of the part as the slot depth increases over a range of familiar stress distributions. The inverse solution involves fi nding the residual stress distribution best matching the experimentally measured response. The inverse solution is often carried out using a series expansion incorporating a least squares approach. If this approach is employed, the calculated solution does not have to exactly match the measurements (Prime, 1999a,b) and is thus tolerant of small measurement errors (Reid, 2009 ).
Analytical techniques include Reid's beam-bending approximation, the series expansion approach and the fracture mechanics approach. Reid's beam-bending approximation is substantially imprecise, whereas both the series expansion approach and the fracture mechanics approach function well, but have different advantages and disadvantages. The fracture mechanics approach depends on the approximation of the slot as a mathematical crack. This approximation has proved valid for slots with a depth-to-width ratio larger than fi ve. The residual stress results are commonly precise except for extremely deep cracks. The calculations need a weight function solution for the given geometry and differentiation of the calculated strains, and thus efforts must be made to minimize errors. With slot depth-to-width ratios of less than fi ve, some errors may arise in near-surface measurements, as the method assumes a mathematical crack (Prime, 1999a,b) .
In the series expansion approach, the residual stress profi le is determined from the measured strains, using a technique developed originally for hole-drilling measurements. First, the unknown residual stresses are written as a series expansion. Then the strains, called compliances, are calculated for each term (basis function) of this series. Eventually, a least-squares fi t is carried out between the calculated and measured strains, providing the coeffi cients of the series expansion terms. The unknown residual stresses therefore result from the series expansion equation. With this method, the residual stress profi le is determinable precisely, with some restrictions depending on the choice of the series' basic functions. This approach is particularly tolerant to strain measurement errors, and it is simple to account for the fi nite width slot, permitting near-surface measurements (Prime, 1999a,b) . Schajer and Prime (2007) used equilibrium constraints to extrapolate the stress fi eld through the entire thickness; the maximum depth was limited to approximately 90 to 95% of the thickness in the slitting method. Prime et al . (2000 measured micro-scale residual stress using the incremental slitting method transversely. Shokrieh and Akbari (2012) investigated the infl uence of shear stresses on the determination of residual stresses in isotropic and orthotropic materials by the slitting method. Seif et al . (2006) developed a simple, sensitive, non-contact, quantitative technique combining the slitting method with image processing analysis to measure displacements caused by relieving residual stresses, which was used to evaluate residual stresses in composite missile components. The technique was applied to two types of composites, fi lament wound carbon/epoxy and fi lament wound glass/epoxy. Prime (1999a,b) reviewed the technical literature around determining residual stress profi les by successive extension of a slot, and measurement of the resulting strains or displacements. Ersoy and Vardar (2000) investigated the macroscopic residual stresses in layered composites, paying particular attention to implementing a reliable experimental technique for measuring through-the-thickness residual stresses in layered composite plates. Residual stresses in (0 10 /90 10 ) S APC-2 laminate were measured using layer removal and compliance methods and comparing the results with those obtained by a numerical model developed by other researchers. Güngör (2002) measured the residual stresses in two Ti/SiC uni-directional composite panels with thick cladding, using a crack compliance method to measure the variation of in-plane residual stresses in the cladding of the materials and infer the average fi ber stresses from the results, and fi nite element analysis to confi rm the applicability of a simple bending theory for the calculation of the residual stresses from curvature measurements made using matrix etching. Hermann (1995) investigated the growth of cracks under far-fi eld cyclic compressive loading in aluminum-lithium (Al-Li) alloys reinforced with SiC particulates in notched compact tension (CT) specimens. He used the slitting method in a particulate-reinforced metal-matrix composite and treated the composite as an isotropic material. Hill and Lin (2002) applied the slitting method to a ceramic-metallic graded material and presented experimental measurements of the through-thickness distribution of residual stress in a ceramic-metallic functionally graded material (FGM). Seif and Short (2002) discussed a straightforward method for experimentally deducing the residual stresses in a thin-walled, axially symmetrical round cylinder. They used the slitting technique along with an optical technique to measure the defl ection of a slit ring originally sectioned from a thin-walled cylinder.
The fi rst ply failure method
The fi rst-ply failure method uses the maximum stress criterion to quantify the residual stresses present (Hahn, 1976; Kim and Hahn, 1979) . Kim and Hahn (1979) recorded strains and loads while loading a cross-ply [0/90] specimen to failure. Elastic assumptions were employed to quantify the load at which the fi rst ply failed. This load was compared to the corresponding strength of a unidirectional specimen with the difference being referred to as the residual stress. Kam (1995) considered the viscoelastic effect in this methodology.
Thermal contraction in symmetrical cross-ply composites entails the development of tensile residual stresses in the transverse (90-degree) plies. When the composite material is transversely loaded, its tensile σ t 0/90 strength (t represents the transverse direction) is lower than the tensile strength of a similar unidirectional composite in the longitudinal (0-degree) direction σ 0/0 . The tensile strength is quantifi ed through acoustic emission of the fi rst crack, hence the term 'fi rst-ply failure'. The difference between the tensile strengths provides a rough calculation of the residual stresses between plies (interlaminar residual stresses) σ R , where σ R = σ 0/0 -σ t 0/90 . The 90-degree plies are positioned at the external surface to guarantee the cracking noise is not suppressed (Parlevliet et al ., 2006) .
Cracking of transversely loaded plies has been used to estimate transverse residual stresses in cross-ply laminates (Cowley and Beaumont, 1997; Jeronimidis and Parkyn, 1988; Kim and Hahn, 1979) . This technique depends on measuring the difference between the perceptible transverse tensile strength of uni-directional material and the stress needed to instigate transverse cracking when the same material is embedded in a cross-ply laminate. It is assumed that the transverse strength continues to be constant and hence tensile residual stresses reduce the additional stress needed to cause failure (Reid, 2009) .
Although this approach can offer good results (Jeronimidis and Parkyn, 1988) , it has been shown that transverse tensile strength is not a built-in ply feature (Flaggs and Kural, 1982) . The transverse strain in plies perpendicularly orientated to the applied load is restricted by neighboring plies, which are more aligned with the load. Consequently, the apparent strength of the transversely loaded plies increases. The restricting effect is most substantial when plies aligned with the load sandwich a single ply perpendicularly orientated to the load. The strength has been shown to increase by a factor of 2.48 in a (0 2 /90) s laminate (Flaggs and Kural, 1982) . In order to reduce the restricting infl uence of adjacent plies, residual stress measurements are thus limited to the outer plies of the laminate (Reid, 2009) .
The method depends completely on the assumption that the transverse stresses in a uni-directional laminate are zero. This is valid at the meso-scale, but does not hold true at the micro-scale, where the residual stress fi eld in the plane perpendicular to the fi bers is obviously complex. The method is thus restricted to the measurement of meso-scale residual stresses in the transverse direction (Reid, 2009) .
The residual strain fi eld of a uni-directional material is uniform at points far from the fi ber ends, in the longitudinal direction. Therefore, this approach could potentially be modifi ed to measure the micro-scale residual stresses aligned with the fi bers by loading the laminate in the fi ber direction. Measurements of the strain needed to initiate resin cracking could indicate the longitudinal residual stresses, because the strain to failure of glass fi bers is greater than that of some thermoset resins. However, this approach requires knowledge of the strain needed to initiate resin cracking when no longitudinal residual stresses exist. As there is no way of knowing when the residual stresses in a laminate are zero, the information needed to apply this method cannot be obtained. The strain to failure of unreinforced resin is also inapplicable, because the tri-axial state of stress experienced within the laminate is different from the uni-axial stress state in a tensile test of pure resin (Lee and Schile, 1982) . The cracking stress of the resin in a laminate is hence different from that of unreinforced resin, so the method is not applicable (Reid, 2009) . Kim and Hahn (1979) described an experimental technique for detecting the fi rst ply-failure in laminated composites using a combination of long strain gages and acoustic emission measurement. The material system chosen for this study was T300/5208 graphite/epoxy laminates of [0/90 3 ] S , [± 45/90 2 ] S and [0/± 45/90] S orientations. The experimental data for all three types of laminates agreed fairly well with the analytical predictions with and without residual stresses present.
The measurement of curvature method
Warpage is a common indication of residual stresses in asymmetrical composites. Thus, a relatively simple method for quantifying residual stresses is to measure out-of-plane deformations in asymmetrical or angle-ply laminates, as the residual stresses can be relieved by these deformations. Monitoring out-of-plane deformations may be undertaken during or after cooling from the processing temperature. The greater the curvature of a composite material with a specifi c thickness, the higher the magnitude of the residual stresses (Parlevliet et al ., 2006) . Cutting the specimen in narrow strips and measuring both the deviation at the center and the chord length is the most common method for measuring curvature. Using narrow strips simplifi es the measurements because, unlike the whole specimen, there is just one dominant curvature.
A disadvantage of the curvature method is that the results may considerably deviate for equal laminates under similar conditions. This is explained by accuracy of curvature measurement, non-symmetry of ply thickness, disorientation of the plies, and deviations in the alignment of the fi bers. Nor does this method provide any information for the spatial variation of residual stresses at the micromechanical level, due to varying fi ber distribution, variable thermal contraction, etc. (Parlevliet et al ., 2006; Tsouvalis et al ., 2009) .
Warpage leads to the formation of unbalanced, asymmetrical multi-directional laminates. The destructive method of Joh et al . (1993) used this fact in its quantifi cation of stress from deformation strain due to sectioning. Asymmetrical laminates can also be manufactured for the warpage to be measured. This method has been an area of extensive study (Fakuda et al ., 1995; Hyer, 1981; Jain and Mai. 1995; Hahn, 1989, 1979; Wang et al ., 1992) . The stresses are normally calculated from the observed warpage by CLT.
The combination of warpage and CLT has also been used to devise a method for measuring and calculating polymer matrix cure shrinkage . Daniel manufactured a laminate directly onto an existing and previously cured identical laminate with the same CTE and manufacturing procedure. Any resulting warpage was strictly due to chemical shrinkage. The curvature was measured and stresses were again quantifi ed using CLT, and the resulting stresses were related directly to chemical shrinkage (Myers, 2004) .
Measurement of the temperature-related change in curvature has been employed frequently to study residual stresses within asymmetrical laminates (Cowley and Beaumont, 1997; Nairn and Zoller, 1985; Unger and Hansen, 1993; Wisnom et al ., 2006) . The method is based on the same phenomenon seen in thermostats using bi-metallic strips. The curvature of an asymmetrical laminate changes with temperature, if the thermal expansion coeffi cient in a specifi c direction changes from ply to ply. This variation is predictable using CLT, which can typically predict simultaneous curvature in the two reference directions. However, thin laminates are bi-stable, meaning that the laminate assumes a cylindrical shape with its axis swapping between two directions. This takes place because curvature in one direction tends to restrict curvature in the other. Therefore, curvature measurements are carried out on thin strips aligned in the direction of interest. The short dimension across the strip minimizes the displacements, and the consequential limiting effects, due to secondary curvature (Jeronimidis and Parkyn, 1988) .
The technique depends on fi nding the stress-free temperature. This is typically carried out through measuring the curvature at a number of temperatures and then extrapolating these measurements to fi nd the temperature at which the laminate fl attens. When the stress-free temperature is found, the meso-scale stresses at other temperatures can be determined using CLT (Jeronimidis and Parkyn, 1988) . It is also possible to determine the micro-scale residual stresses within a ply if a mathematical model such as that of Nairn (1985) is applied. It is essential to know the stress-free temperature and the temperature-dependent elastic features of the constituent materials (Reid, 2009) .
Symmetrical laminates do not curve with temperature changes. However, symmetrical laminates have been cured onto a thin steel sheet (Kim et al ., 2006) acting like a 'dummy ply'. This can create an asymmetrical laminate, permitting the measurement of the stress-free temperature and thus the micro-scale residual stresses (Reid, 2009) . A dummy ply therefore permits the measurement of microscale residual stresses in uni-directional laminates. However, this only holds true in cases where the laminate is cured onto the dummy ply. Under these conditions, the laminate is fl at when both the micro-scale and meso-scale residual stresses are zero. Nonetheless, this approach is not applicable for work on composite laminates, because the dummy ply must be removed from the GFRP specimens before their immersion in a corrosive medium, in order that the rate of environmentally assisted crack growth can be measured. This hinders measurement of the residual stresses in the specimens as the test terminates. This is an important restriction, since moisture diffuses into the laminate as it is immersed in the corrosive medium, changing the state of residual stress (Reid, 2009) . Gigliotti et al . (2003) alluded to another problem with the use of a dummy ply. Thermal expansion differences entail shear stresses at the interface between a composite specimen and a tool surface. These stresses generate non-thermoelastic strain, possibly because of viscous fl ow throughout the curing process. As the dummy ply is equivalent to a tool in this situation, it is expected that the non-thermoelastic strains artifi cially affect the measured stress-free temperature (Reid, 2009) .
A dummy ply also cannot be used with laminates made for purposes other than residual stress measurements, for example, to prevent residual stress measurements in failure studies. Although this limitation is not important, since this method cannot be applied to investigating the rate of environmentally assisted cracking, an alternative approach is needed. It would be of benefi t if this method could also be used on existing laminates (Reid, 2009) .
Although the most widely used technique for measuring the residual curvature of asymmetrical laminates, this method cannot be applied to symmetrical laminates and only provides a global approach to residual stress (Sicot et al ., © Woodhead Publishing Limited, 2014 2003). This method is effective for validating residual stress models; however, it can be used only for asymmetrical ply sequences, which are rarely used in practice. Yu et al . (2006) described an investigation of residual stresses in epoxy-steel systems using a bi-material beam. Gigliotti et al . (2003) monitored the development of residual stresses in [0/90] asymmetrical fl at laminates (AS4/8552 composite system) by stopping the cure cycle at pre-determined points and evaluating the related level of deformation. Dano and Hyer (1998) presented a methodology to predict the displacements, particularly the out-of-plane component, of fl at asymmetrical epoxy-matrix composite laminates as they are cooled from their elevated cure temperature. Cho et al . (1998) examined slippage effects resulting from the interaction between the laminates and the tool-plate, which had been ignored in previous studies. White and Hahn (1990) measured warpage of [0 4 /90 4 ] T cross-ply specimens to monitor residual stress build-up. Harper and Weitsman (1985) presented an experimental and theoretical investigation of moisture effects in graphite/epoxy composites. Tarsha-Kurdi and Olivier (2002) examined the effects of autoclave curing pressure and cooling rate on the room-temperature curvature of carbon/epoxy [0° 2 /90° 2 ] laminated strips. Di Landro et al . (1995) studied the residual thermal stresses in composite laminates due to curing cycles. Kim and Hahn (1989) carried out intermittent curing of an asymmetrical laminate to monitor the residual stress development. The resulting warpage was measured to assess the extent of residual stresses. Peeters et al . (1996) experimented on both cross-ply and angle-ply laminates over a wide range of laminate dimensions. Zewi et al . (1987) fabricated symmetric and asymmetrical glassfabric-reinforced laminates to study the residual stresses. The laminate material was fully characterized by determining its physical and mechanical properties at room and elevated temperatures. Jun and Hong (1990) investigated the effects of width-to-thickness, aspect ratio, number of layers and stacking sequence on the shapes of the asymmetrical cross-ply [0 n /90 n ] T (n = 1,2,. . .) family of laminates. Fukuda et al . (1995) also performed warpage measurements on laminated composites. Timmerman et al . (2003) used a model prepreg system to evaluate the effect of cure temperature on microcracking in polymeric composite materials exposed to cryogenic cycling. Kesler et al . (1998) studied residual stresses in plasma-sprayed coatings using three experimental techniques, curvature measurements, neutron diffraction and X-ray diffraction. They investigated two distinct material classes:
1. single-material coatings (molybdenum); and 2. bi-material composites (nickel_alumina and NiCrAlY_yttria-stabilized zirconia), with and without graded layers. Wisnom et al . (2006) considered the mechanisms involved in residual stresses and distortions and discussed the way they develop during the cure. Youssef and Denault (1998) characterized the microstructure, mechanical features and residual stresses in glass fi ber reinforced polypropylene (PP) composites with regard to the thermoforming parameters and as a function of the fi ber-matrix interface quality. Fernlund et al . (2003) presented an overview of residual stress build-up and shape distortions in autoclaved composite laminates, discussing the sources of stress build-up and shape distortions and presenting experimental results that identify the parameters driving shape distortions. Palerosi and Muller de Almeida (2007) held that studying the changes in curvature of asymmetrical composite laminates with temperature offers a measure of the magnitude of the thermal stresses and the mechanical behavior of the material with temperature. Lange et al . (1995) utilized a bilayer-beam bending technique and parallel-plate rheometry to investigate the onset of stresses in epoxy fi lms.
Heating methods
To avoid the problems caused by drilling a hole, an alternative technique that makes use of localized heating to achieve the same result has been developed (Pechersky et al ., 2000) . A small spot (2 mm diameter) on the surface of a steel subject is heated to around 200°C for a short time using an infra-red laser. The elevated temperature in this region causes the localized reduction of yield strength. As a result, plastic fl ow can occur, which leads to the release of some of the residual stress. The resulting surface deformations in the surrounding material are measured using electronic speckle pattern interferometry when the subject has cooled to ambient conditions. The measured surface deformations are then processed to determine the strain relief and hence the residual stresses prior to heating (Pechersky, 2002) .
A few factors complicate the use of this technique. The method relies critically on the variation in yield stress, elastic modulus and coeffi cient of thermal expansion with temperature (Vikram, 1996) . As with the original method, the response would need to be calibrated against a fi nite element model with special parameters required as the input. Heating of the matrix can cause viscous fl ow to occur, particularly when the stresses are high. It is consequently improbable that non-linear behavior can be avoided, and the method needs major modifi cations to be applicable to composite materials. Pechersky (2002) presented a new technique for measuring residual stresses based on strain measurements following thermal stress relaxation. According to Reid and Paskaramoorthy (2009) , there are a few methods available for measuring residual stresses in the simplest possible composites structure, unconstrained uni-directional laminate. However, none of them are suitable for use on GFRP.
Conclusions
In recent years, the growing use of advanced laminated composites has drawn a lot of attention to process-induced residual stress, and it is essential to develop methods for measuring and predicting residual stresses in composite materials.
Explaining quantities and qualities of residual stresses has therefore been the subject of much research. While measuring and predicting residual stresses reliably is a considerable challenge, their distribution and size are critical to understanding how composites behave. Optimizing material quality and minimizing component weight also require a more thorough understanding of the signifi cance of residual stresses. This chapter provided a comprehensive overview of the destructive techniques in measuring the residual stresses in composite materials. It was shown that a wide range of such methods exist that have been investigated by different researchers, each having its own benefi ts and shortcomings.
